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Membrane bioreactors (MBRs) represent by now a well established alternative for wastewater treatment.
Their increasing development is undoubtedly related to the several advantages that such technology is
able to guarantee. Nevertheless, this technology is not exempt from operational problems; among them
the foaming still represents an “open challenge” of the MBR ﬁeld, due to the high complexity of phe-
nomenon. Unfortunately, very little work has been done on the foaming in MBRs and further studies are
required. Actually, there is not a distinct difference between conventional activated system and MBR: the
main difference is that the MBR plants can retain most Extracellular Polymeric Substances (EPSs) in the
bioreactor. For these reason, unlike conventional activated sludge systems, MBRs have experienced
foaming in the absence of foam-forming micro-organisms. Nevertheless, the actual mechanisms of EPS
production and the role of bacteria in producing foam in activated sludge in MBRs are still unclear. In this
paper, the authors investigated the roles of EPS and foam-forming ﬁlamentous bacteria by analyzing
samples from different pilot plants using MBRs. In particular, in order to deﬁne the macroscopic features
and the role of EPS and ﬁlamentous bacteria, a Modiﬁed Scum Index (MSI) test was applied and pro-
posed. Based on the MSI and the foam power test, the causes of biological foaming were identiﬁed in
terms of the potential for foaming, the quality and the quantity of the foam. The results indicated that the
MBR foaming was inﬂuenced signiﬁcantly by the concentration of bound EPSs in the sludge. In addition,
the quantity and stability of MBR scum increased when both bound EPSs and foam-forming ﬁlamentous
bacteria were present in the activated sludge.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
An Membrane BioReactocr (MBR) system replaces the gravita-
tional sedimentation unit of the conventional activated sludge
(CAS) process and provides complete solideliquid separation by the
use of a microﬁltration or an ultraﬁltration membrane (Judd and
Judd, 2010). The membrane allows the retention of all solids that
are larger than 0.01 (Ultraﬁltration)-0.1 (Microﬁltration) mm, so free
swimming bacteria are retained. Unfortunately, there are some
disadvantages, such as membrane fouling and biological foaming
(Di Bella et al., 2010;Mannina and Di Bella, 2012). In fact, the tank in
which the membrane module is submerged may become a “foam
trap” and the recirculation of trapped foam make foaming worse
(Wanner, 1994; Jenkins et al., 2004).
The ability of some micro-organisms to ﬂoat and create foam is
well known in general microbiology. In particular, the biologicalbile); fax: þ39 0935 536623.
Bella), michele.torrregrossa@
All rights reserved.foaming by Nocardioform and Microthrix parvicella has been re-
ported predominantly in nutrient removal plants that have
different cultivation conditions compared with the conventional
activated sludge plant (Wanner, 1994). In general, the periodic
formation of foam, worries constantly the operators of wastewater
treatment plant.
Although the phenomenon of foaming in CAS systems has been
studied extensively, this is not the case for advanced wastewater
treatment systems, such as membrane bioreactors (MBRs). Thus,
the exact mechanism by which foam is formed and how to stabilise
this process in MBRs has not been determined, and it may include
several steps. Until this mechanism is determined, we will not be
able to develop reliable control methods.
In general, foam results in the same adverse effects in both the
CAS process and the MBR process, as described below:
 since signiﬁcant quantities of mixed liquor suspended solids
(MLSS) trapped inside the foam, it may be difﬁcult to control
the concentration of the sludge in the aeration tank;
 in warm climates, the foam decays rapidly, producing a foul
odor;
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mulate to such an extent that it can overﬂow the basin free-
board, covering walkways, handrails, surrounding areas, and
creating hazardous or slippery conditions.
The investigation of foaming in the activated sludge process
involves determining the propensity of mixed-liquor samples to
foam and evaluating the various physico-chemical properties of the
sludge that have been linked to CAS foaming in earlier studies
(Fryer and Gray, 2012). In this context, themicroscopic examination
of activated sludge in many cases has shown that biological foams
are generally enriched with gram-positive ﬁlamentous bacteria
(Kragelund et al., 2007; Petrovski et al., 2011). Furthermore, the
hydrophobic compounds that are synthesized and excreted by
these bacteria increase the hydrophobicity of activated sludge,
which is a key factor in controlling the formation of foam and
stabilising the scum (Iwahori et al., 2001; Petrovski et al., 2011).
In the investigation of foaming in the activated sludge process,
the usual approach is to conduct a series of foamability tests that
simulate the aeration conditions in a plant and that provide an
indication of the propensity of the sludge samples to generate
foam. This approach is especially useful and important when new
causes and effects must be identiﬁed, as is the case for the MBR
process. Previously, simple foam tests were used to quantify the
foam in CAS plants (Blackall et al., 1991; Constant, 1992; Pretorius
and Laubscher, 1987). Similar foam tests have been used in recent
years for MBR systems (Nakajima andMishima, 2005; Di Bella et al.,
2011). In particular, in order to deﬁne the quality, the quantity and
the scum features, three main foam tests have been used: Scum
Index (SI), Foam Rating (FR), Foam Power (FP). The SI quantiﬁes the
foam produced, in according with the selective ﬂotation principle,
proposed by Pretorius and Laubscher (1987), that provides a
ﬂotation of mixed liquor sample and a subsequent puriﬁcation of
separated scum from non-foam forming micro-organisms. The FR
deﬁnes foam generation and stability in terms of foam volume,
bubble size, foam speed formation and collapse time after aeration
(Blackall et al., 1991).
The FP has been performed to evaluate the foam potential of
MBR activated sludge, in according with protocol reported by
Nakajima and Mishima (2005).
On the other hand, the surface areas covered by foam in
different plants were determined for use in comparing the severity
of foaming between plants (Hladikova et al., 2002), and, in some
cases, foam coverage was found to correlate well with readings of
foam potential (Torregrossa et al., 2005). Unfortunately, since the
apparent degree of foam coverage on activated sludge tanks is
likely to be inﬂuenced by the layout of the plant, the conﬁguration
of the process equipment, and operational parameters (e.g., trap-
ping, recycling, and accumulation of foam in certain locations in theTable 1
Wastewater characteristics and operating condition of investigated MBRs.
Wastewater characteristics Operating
MBR1 MBR2 MBR3
CODTOT (mg/L) 451 326.6 511.6 Experimen
CODSOL (mg/L) 204 104 210 Recirculat
BOD5 (mg/L) 240 175.9 265 Permeate
NH4eN (mg/L) 40.4 15.9 32.4 HRT (h)
NOxeN (mg/L) 0.02 1.8 3.5 SRT (days
TKN (mg/L) e 91.3 102.3 F/M (kgCO
PO4eP (mg/L) 1.4 1.5 2.1 DO aerobi
PTOT (mg/L) e 3.8 6.4 Returned
TSS (mg/L) 290 282.5 295 Returned
VSS (mg/L) 182 177.3 188 MLSS (g/L
T (C) 19.8 20.8 23.6 MLSSV (g/
pH 7.5 7.6 7.7 Yobs (gCODprocess), this variable must be used with extreme caution when
compared on its own to other parameters, such as foam thickness
and stability (Hug, 2006; Fryer and Gray, 2012).
Currently, none of the approaches reported in the international
literature has presented a viable approach for quantifying the risk
to MBR plants when foam forms the aeration surfaces. In fact, in the
recent years, only a few experiments have been reported regarding
the management and control of foaming in MBRs.
You and Sue (2009) investigated the role of certain micro-
organisms in the formation of foam in MBRs. Their study was
related to the metabolism of particular micro-organisms, some of
which were already known as “foam-forming” micro-organisms in
CAS plants. However, foaming in the MBR process has attracted the
attention of many researchers because, contrary to what happens
in CAS plants, foam has been observed in MBR plants even in the
absence of foam-forming micro-organisms (Nakajima and
Mishima, 2005; Di Bella et al., 2011). Under these circumstances,
it has been reported that the quantity of foam formed is related to
the concentrations of extracellular polymer substances (EPSs) (Di
Bella et al., 2011).
In general, however, there is not a distinct difference between
CAS and MBR in terms of form-forming mechanisms. Some sur-
factants produced by foam-forming bacteria, EPS released by bac-
teria, and some other factors may be responsible for the production
of biological foams in most of biological wastewater treatment
systems. Themain difference is that theMBR plants can retain most
of EPSs in the system.
Bearing in mind such considerations, in the research reported in
this paper, we investigated the roles of EPSs and of the abundance
of foam-forming, ﬁlamentous bacteria by analysing samples from
several MBR pilot plants. In particular, in order to deﬁne the
macroscopic features of foam in MBRs and the role of EPS and
ﬁlamentous bacteria in the formation of foam in MBRs, some test
results reported by Di Bella et al. (2011) were used. Speciﬁcally, in
order to quantify the foam produced and to differentiate the effects
of EPS and ﬁlamentous bacteria, a “modiﬁed” scum index (MSI) test
was proposed and used.
2. Materials and methods
2.1. Experimental setup and operation
Samples of mixed liquor were collected from three different
MBR pilot plants that had different conﬁgurations. The character-
istics of the inﬂuent wastewater and the operating conditions of
each MBR plant are summarised in Table 1. It is important to note
that the values shown in the table are the average values that were
measured during the experimental period (when the foam
occurred in the pilot plant). Further, the plants have not beencondition
MBR1 MBR2 MBR3
tation length (days) 60 165 70
ion ratio/feed rate 5:1 6:1 6:1
ﬂux (L/m2h) 45 21 21
13 18 18
) N 36 N
D/kgMLSS day) 0.07e0.2 0.06e0.19 0.07e0.2
c tank (mg/L) 3.9 3.9 3.1
MLSS ﬂow (L/h) 90 120 120
NO3 ﬂow (L/h) 225 240 240
) 5.5e10.5 5 6e8.2
L) 3.5e7.5 3.5 4.5e6.1
/gVSSrem) 0.18 0.07 0.12
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different periods. In this context, the difference of the input pa-
rameters is attributable mainly to different dilution effects.
In general, the basic conﬁguration of each plant was designed to
remove biological nutrients. Particularly, the MBR1 plant consisted
of a denitriﬁcation-nitriﬁcation scheme with a submerged plate
membrane module, while the MBR2 and MBR3 plants had conﬁg-
urations that were adaptations of the University of Cape Town
(UCT) process, inwhich a hollowmembranemodule is installed in a
hybrid-submerged conﬁguration (Zhang et al., 2009; Di Trapani
et al., 2011; Cosenza et al., 2012). The difference between the
MBR2 andMBR3 plants was the different values of sludge retention
time (SRT) that were used during the experiments. The three pilot
plants were built at the Acqua dei Corsari municipal wastewater
treatment plant (WWTP) in Palermo, and municipal wastewater
was used as the input to each plant. Initially, all three plants were
inoculated with activated sludge that was collected directly from a
full-scaleWWTP. Samples of mixed liquor were collected from each
of the pilot plants, and the samples were stored at ambient tem-
perature and transported to the laboratory where they were
analysed.
2.2. Scum tests
The use of the scum index (SI) to evaluate performance was
inspired by the selective ﬂotation principle proposed by Pretorius
and Laubscher (1987) for the control of biological scum in the CAS
processes. The ﬂotation cell and the experimental station are shown
in Fig. 1. In the original protocol established by Pretorius and
Laubscher for the quantiﬁcation of scum separation, samples of
activated sludge were taken from the aeration tank. Speciﬁcally, in
the tests, a 2-L aliquot was placed in the ﬂotation cell and aerated at
an intensity of 10 Lair L1 h1 for 15min, duringwhich a thick, stable
layer of scum formed. A rotameter was used to control andmeasure
the ﬂow rate of air. When the aeration was stopped and the scum
layer had separated from the non-ﬂoating sludge, the sludge was
withdrawn carefully through a drain pipe until only the scum layer
remained. The ﬂotation was repeated several times until all of the
foam-forming microorganisms were transferred into the scum.
The separated scum was scraped and rinsed from the ﬂotation
cell and stored. Thus, the ﬂoating scum was placed in the ﬂotation
cell again and re-suspended with water until the total volume of
the sample was 2 L. Subsequently, the “puriﬁcation process” was
performed under controlled aeration conditions for 15 min. The
process of re-suspension and puriﬁcation was repeated, with steps
of 15 min, until the amount of foam formed was constant. This
latter portion contained only the foam-forming biomass. The dry
mass of recovered scumwas determined, and the SI was deﬁned as:
SI ¼ Mass of scum recovered
Mass of SS initially present
$100% (1)
Actually, the original method was modiﬁed slightly. In order to
remove the non-scum forming, suspended micro-organisms (theFig. 1. Apparatus to determine SI (Pretorius and Laubscher, 1987).original SI procedure), the complete protocol was followed, with
steps of 15-min aeration periods and subsequent puriﬁcation of the
separated scum. However, the results of each puriﬁcation step in
the step-by-step process, i.e., SI1, SI2, SI3. SIn, were considered, as
were the results of the ﬂotation operation (SI0). In fact, the dilution
of the separated scum samples could have a negative inﬂuence on
the original effect of EPS concentration. The logical scheme of the
analytical protocol that was used to evaluate the different scum
indices (SIx) is shown in Fig. 2.
The use of the concept of foaming rate (FR) was proposed
initially by Blackall et al. (1991) in order to deﬁne the foaming
ability of pure cultures obtained from activated sludge foams. In
this work, the test was used to deﬁne the general quality of the
foam in the activated sludge samples. The foaming apparatus used
and the technique used to classify the foams are shown in Fig. 3. To
determine the FR value, 50 mL of each activated sludge sample
were poured into glass cylinders, and gas bubbles were forced
through the air diffuser (pore size range of 40e90 mm). The ﬂow
rate of the air was 200 mL min1. The foam that was generated on
the surface of the liquid was assessed. In particular, the generation
of foam and its stability were evaluated in terms of the volume of
the foam, the size of the bubbles, the speed of formation, and the
time required for the foam to collapse after aeration was stopped
(Blackall et al., 1991). The FR was rated on a scale of 0e7, where
0 represented the situation in which the mixed liquor was either
unable to form scum or formed unstable foam, and 7 represents the
situation in which the mixed liquor formed a dense and very stable
foam.
The foam’s quality was also calculated based on concepts used in
food science (Kato et al., 1983; Constant, 1992). Speciﬁcally, in
accordancewith themeasurement technique reported by Nakajima
and Mishima (2005), the foam power (FP) test was performed to
evaluate the potential for the activated sludge in an MBR to form
foam and to evaluate the stability of such foam. FP was deﬁned as
the volume of the sample that was consumed for foaming (mL) by
1 L of aeration. In particular, the 200-mL samples were placed
vertically in a transparent cylinder with a cross sectional area of
28 cm2. These tests were conducted with aeration periods (T) of
30 swith an air ﬂow (Qair) of 10 Lmin1. The difference between the
levels of the interface of the liquid sample and the foam before and
after aeration was designated as H0. Then, the FP value was calcu-
lated as shown in equation (2):
FP ¼ H0,A
Qair,T
(2)
2.3. Determination of the quantity of ﬁlamentous bacteria
Microscopic observations were conducted to identify ﬁlamen-
tous bacteria. The observations were made under phase contrast at
100 and 1000 magniﬁcations. The abundance and the domi-
nance of the ﬁlamentous micro-organisms were estimated using
the criteria suggested by Jenkins et al. (2004), i.e., by means of
microscopic observations conducted with a LEICA phase contrast
microscope (DM-LB-100) connected to a digital camera.
In the Eikelboom method, the scum was immobilized on slides
prior to identifying its morphological and physiological character-
istics, including branching, motility, shapes of the ﬁlaments, loca-
tion, growth of attached epiphytic bacteria, sheath, cell septa,
diameters of the ﬁlaments, lengths of the ﬁlaments, shapes of the
cells, ﬂoc size, sulphur deposits, and Neisser and Gram staining.
The identiﬁcation of ﬁlamentous micro-organisms was con-
ducted by using the morphological, dichotomous key proposed by
Jenkins et al. (2004). The abundance of ﬁlamentous micro-
organisms (Ab) was evaluated using the subjective scoring of the
Fig. 2. Modiﬁed Scum Index procedure.
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presence of ﬁlaments on a scale from 0 to 6 (Jenkins et al., 2004).
The quantitative estimate of foam-forming microorganisms was
calculated using the fast method originally proposed by Pitt and
Jenkins (1990) to estimate the Nocardioform bacteria by extend-
ing it to all ﬁlamentous micro-organisms (Rossetti et al., 2006).
After placing a volume of 50 mL on the slide and staining the sample
(Gram or Neisser) we could identify the probable number of ﬁla-
ments of a certain genus or type. This was done based on the
proportion that existed between the number of intersections of a
certain type of ﬁlaments detected in correspondence to three
rectilinear tracks marked on the slide and the total amount of such
ﬁlaments.
The average number of counted intersections, Xavg, was deter-
mined by counting the number of intersections on ﬁve slides and
averaging the ﬁve numbers. Later, this average was related to the
total mass of VSS in the sample (50 mL$VSS concentration in the
mixed liquor), amplifying it in proportion to the number of ﬁelds of
view covered by the sample at 1000magniﬁcation (equivalent to
220 of view ﬁelds), as shown in Equation (3), which was used to
calculate the normalized intersections number (NIN), as shown:
NIN ¼ Xavg,220
VSS,50
$106 (3)
where 106 is the factor required to convert ml to L.Fig. 3. Equipment for FR measurements (Blackall et al., 1991).2.4. Extraction and measurement of EPS
In order to analyse the physiological condition of the biomass in
the mixed liquor of the aerobic tank, the total concentration of
extracellular polymeric substances (EPST) was measured periodi-
cally. The concentration of EPST was evaluated using the heating
method (Zhang et al., 1999; Le Clech et al., 2006; Judd and Judd,
2010), the steps of which are described in Di Bella et al. (2011).
Through this protocol, the soluble microbial products (SMPs),
which represent the soluble portion of the EPST and the bound EPST,
were measured.
The EPST matrix is very heterogeneous, and a variety of poly-
mericmaterials can be foundwithin it, e.g., carbohydrates, proteins,
lipids, and nucleic acids. Nevertheless, in this work, the sum of the
contents of proteins and carbohydrates which are the dominant
polymeric constituents was considered to be the EPST. In order to
measure the contents of proteins and carbohydrates, the bound
EPST and the extracted SMPs were analysed using Lowry’s method
(Lowry et al., 1951) and Antrone’s method (Dubois et al., 1956),
respectively. Thus, the EPST (both bound and soluble) were calcu-
lated as the sum of the two fractions, according to the following
equation:
EPST ¼ EPSP þ EPSC
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
EPSBound
þ SMPP þ SMPC
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
Soluble EPST
(4)
where the subscript symbols “P” and “C” indicate the relative
content of proteins and carbohydrates in the EPST and SMP,
respectively.
2.5. Measurement of the volume of foam
Foam Volume (FV) was calculated as the product of the area of
the aerobic reactor that is covered by foam and the thickness of the
foam. The area covered was measured daily with a perpendicular,
photographic device joined to a digital-image elaboration system
(Fig. 4). The area covered by foam was digitalised and measured
Fig. 4. Measurements of aerobic reactor area covered and thickness of the foam.
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with a hydrometer, and it was evaluated as the arithmetic mean of
12 measurements taken at different points on a ﬁxed, horizontal
grid.
It is important to emphasise that the FV may be inﬂuenced by
the conﬁguration of the pilot plant, as discussed earlier, so,
consequently, it is not easy to repeat the measurement of FV. Thus,
to make an objective analysis, the same aerobic tank was used in all
three MBR plants (with the same area and the same total volume).
In addition, the measures of FV were used only as a general
assessment of the development and severity of this phenomenon.3. Results
3.1. General comment
The foaming phenomenon occurred in all three plants. The
general characteristics of the foam that formed are shown in
Table 2, which reports the average values of the data measured
during monitored period.
As shown in Table 2, even though foaming occurred in all three
pilot plants, the foams had signiﬁcant differences. Further, the foam
in MBR2 appeared to be stable and dense (FR ¼ 5). To the contrary,
the foams in MBR1 and MBR3 were unstable (with mean FR values
of 2 and 3, respectively), while the foam power of each of their
mixed liquors was very high (about 70 mL L1 in both pilot plants).
Regarding the volume of the foam, there were no major differences
in the estimated value of FV, and this conﬁrms that the parameter
represents a qualitative and general estimate of the foaming phe-
nomenon; thus, it has very little utility for the characterization of
such systems.
The differences in the types of foamwere due predominantly to
the different content of the EPS in the mixed liquor and to the
difference in the amounts of ﬁlamentous bacteria. The highest
concentrations of EPST in activated sludge occurred in plants in
which SRT ¼ N, i.e., MBR1 and MBR3. Nevertheless, in MBR1, the
foam-stabilizing bacteria were absent, while in MBR3 a small
quantity of foam-forming and -stabilizing ﬁlamentous bacteria was
found. This situation inﬂuenced the SI test signiﬁcantly. In general,
in the absence of ﬁlamentous bacteria, it was possible to run onlyTable 2
Foam characteristic of analyzed MBR.
SI0 SI1 SI2 SI3 FV FP FR
% % % % L mL/L mg/gMLS
MBR1 12.18 <1 e e 4 O 14 72.45 2
MBR2 20 6.4 3.6 2.6 7 O 17 31.9 5
MBR3 7.81 2.8 <1 e 6 O 16 70.62 3the ﬂotation step (SI0). In fact, once that the foam was separated
after the ﬂotation phase, in the puriﬁcation phase foam did not
formed from the re-suspended sample, already after the step 1, due
to EPST dilution.
In particular, regarding the analysis of foam-forming bacteria,
the ﬁlamentous bacteria identiﬁed in the three MBRs were
different. In general, no ﬁlamentous bacteria were observed in
MBR1, while some foam-forming bacteria were identiﬁed in both
MBR2 and MBR3. In particular, the Eikelboom type 0092 was the
dominant foam-forming bacteria in MBR2 (average Ab equal 5) and
E. type 1851 (average Ab equal 4) in MBR3. The other ﬁlamentous
bacteria identiﬁed were E. type 0041 in MBR2, and E. type 0092 in
both MBR2 and MBR3, both with Ab ¼ 2.
According to previous observation, the MBR2 was the only one
of the three pilot plants in which it was possible to apply the
complete protocol of the SI test, starting with ﬂotation (SI0) and
ending with purifying the foam in three separate steps (SI1, SI2, SI3).
Differently, in MBR3, which had a small quantity of foam-forming
bacteria, the SI process continued until the ﬁrst step of puriﬁca-
tion, and the values of SI0 and SI1 were measurable (only in ﬁve
observations it was possible calculate also SI2). Contrarily, as dis-
cussed above, in the absence of ﬁlamentous bacteria, the foam of an
MBR plant (i.e. MBR1) is unstable and inﬂuenced only by the con-
centration of EPST, conﬁrming the results obtained in our previous
studies (Di Bella et al., 2011).
Thus, when the biological matrix is diluted during the puriﬁ-
cation phase, the EPST effect decreases while the effect of the ﬁla-
mentous bacteria increases, if they are present in the separated
foam. This circumstance was conﬁrmed in MBR2, where a greater
amount of ﬁlamentous bacteria was observed.3.2. Role of the concentration of EPS in the formation of foam in
MBRs
First at all, it is important underlined that the main reason of the
difference in EPSs concentration was due to the difference in
wastewater characteristics, due to different dilution effects (see
Table 1). Secondly, an inﬂuence is also due to the different SRT
value, equal to 36 days in MBR2 and inﬁnite in MBR1 and MBR3:
therefore in agreement to the literature the average value in MBR2
was less than that in MBR1 and MBR3.
In this context, according to the previous observations, the roles
of the concentration of EPS and the abundance of ﬁlamentous
bacteria in the formation and quality of foam MBR plants were
analysed. Speciﬁcally, the correlations between the concentrations
of EPST and the foaming test results are considered in this section.
Initially, the correlation with SI was shown. The analyses that were
conducted in all three pilot plants showed a good correlation with
EPSBOUND, as shown in Fig. 5. However, the correlationwith the SMP
was not good.
As discussed above, the SI determinations were performed ac-
cording to the characteristics of the activated sludge. In particular,
the total absence of ﬁlamentous bacteria in MBR1 meant that we
were able to conduct only the ﬂotation phase, i.e., no steps were
conducted in the puriﬁcation phase. However, the correlationEPSBound SMP Filamentous bacteria and their abundance (Ab)
S mL/L
54.03 1.57 Absent
22.62 1.54 E. type 0092 (Ab ¼ 5), E. Type 0041 (Ab ¼ 2)
121.16 10.2 E. type 0092 (Ab ¼ 2), E. Type 1851 (Ab ¼ 4)
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Fig. 5. Correlation between SI and EPSBOUND concentration.
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(2011). This correlationwas conﬁrmed in MBR2 and MBR3. In these
latter cases, as observed above, it was possible to perform the pu-
riﬁcation phase until the step 3 in MBR2 and until step 2 in MBR3.
The difference in the advancement of the puriﬁcation operation
was due to the different quantities of foam-forming ﬁlamentous
bacteria in the two pilot plants.
In general, the correlations between EPST/Bound and SI1, SI2,
and SI3 were maintained, but they worsened at every step of the
puriﬁcation process. The previous correlations conﬁrmed that the
dilution of the separated scum sample had a negative inﬂuence
on the original effect of the concentration of EPSBOUND. Table 3
shows the R2 and the slope factor (Sf) for each linear tendency
correlation between EPSx and SIx. In particular, in all three MBR
pilot plants, the highest Sf were those of ESPBound,p and SI0
correlation.
Regarding the FP, the data conﬁrm the good correlation between
the foaming phenomenon and the concentration of EPSBOUND.
Comparing the FP-EPSBOUND correlation at the same SRT, the
experimental analysis showed that foam power was related closely
to the absolute value of the concentration of EPSBOUND, as shown inTable 3
Correlation index (R2) and slope coefﬁcient (Sf) for linear correlation between each
EPS fraction and speciﬁc SI.
S0 S1 S2 S3
R2 Sf R2 Sf R2 Sf R2 Sf
MBR1
EPSTOT 0.53 2.64 e e e e e e
EPSBOUND 0.83 2.1 e e e e e e
SMPTOT n.c. e e e e e e e
EPSBOUND,C 0.37 0.24 e e e e e e
EPSBOUND,P 0.86 1.86 e e e e e e
SMPTOT,P e e e e e e e e
SMPTOT,C n.c. e e e e e e e
MBR2
EPSTOT 0.94 1.18 0.75 4.17 0.72 6.62 0.67 9.66
EPSBOUND 0.95 1.22 0.75 4.28 0.67 6.58 0.6 9.41
SMPTOT n.c. e n.c. e n.c. e n.c. e
EPSBOUND,C 0.92 1.18 0.67 0.62 0.64 0.98 0.6 1.43
EPSBOUND,P 0.95 1.24 0.76 3.67 0.67 5.6 0.6 7.98
SMPTOT,P n.c. e n.c. e n.c. e n.c. e
SMPTOT,C n.c. e n.c. e n.c. e n.c. e
MBR3
EPSTOT 0.78 3.42 0.72 22.76 0.6 36.99 e e
EPSBOUND 0.86 4.07 0.74 25.97 0.63 47.17 e e
SMPTOT n.c. e n.c. e n.c. e e e
EPSBOUND,C 0.9 0.56 0.73 3.49 0.71 6.41 e e
EPSBOUND,P 0.84 3.51 0.72 22.47 0.61 40.76 e e
SMPTOT,P n.c. e n.c. e n.c. e e e
SMPTOT,C n.c. e n.c. e n.c. e e e
e The test could not be performed.
n.c. correlation was not found.Fig. 6, where the general correlation between EPSBOUND and FP
when SRT ¼N (in MBR1 and MBR3) also is reported.
It is important to emphasise that, as was the case with SI, the
speciﬁc correlations were inﬂuenced predominantly by the protein
fraction rather than by the carbohydrate fraction.
3.3. Role of ﬁlamentous bacteria in foaming in an MBR
During the three experiments, as emphasised previously, foam
formed only in plants MBR2 and MBR3 in which foam-forming
ﬁlamentous microorganisms were identiﬁed. As shown in Table 2,
the E. type 0092 and E. type 1851 are the morphotypes that domi-
nated the biocenosis of biological foam in the examined cases even
though they are considered “non-famous” scum bacteria (Lemmer
et al., 2005). On the other hand, the quantities of other well-known,
foam-forming bacteria, e.g., M. parvicella, Nocardioform, and Nos-
tocoida limicola III were negligible.
The objective of investigation was to evaluate the inﬂuence of
these micro-organisms on the formation of foam that also resulted
from the strong inﬂuence of the EPS.
Consequently, the actual mechanisms and the bacteria respon-
sible for foaming in activated sludge are still not clear. Nevertheless,
it is important to note that You and Sue (2009) observed both
E. types 0092 and 1851 bacteria in the activated sludge of an MBR in
which foaming occurred. This may mean that, in the activated
sludge of MBRs, the roles of some “non-famous” foam-forming
bacteria may be different from their roles in conventional acti-
vated sludge systems.
Bearing in mind the previous discussion, signiﬁcant correla-
tions were detected between the SI value and the dominant,
foam-forming ﬁlamentous bacteria that were identiﬁed, i.e.,
E. type 0092 and E. type 0041 in MBR2 and E. type 1851 and
E. type 0092 in MBR3. Actually, in order to improve the analytical
results, the normalized number of intersections, NIN, rather
than the abundance (Ab) parameter, was correlated with the EPS
(because the classiﬁcation does not continue as in the NIN
classiﬁcation). Furthermore, the total inﬂuence of all of the
ﬁlamentous, foam-forming bacteria that were identiﬁed also
was analysed. The correlations between NIN and SI are shown in
Fig. 7. No signiﬁcant correlations were found between FP and
NIN.
Contrary to the previous SI-EPST/BOUND correlations, the effect of
foam-forming, ﬁlamentous bacteria increased with the advance-
ment of the puriﬁcation operation, and the correlations improved
from SI0 to SI2 and SI3, as shown in Fig. 7. The improvement in the
correlation was particularly signiﬁcant after the ﬂotation phase
when the ﬁrst step of the puriﬁcation phase was conducted. The
best correlation among those analysedwas the correlation between
the total number of intersections (considering all non-famous mi-
croorganisms) in each sample (NINTot) and the sum of all ﬁlamen-
tous bacteria. Obviously, the correlation between NINToteSIx was
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Fig. 6. Correlation between FP and EPSBOUND concentration.
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bacteria, i.e., E. type 0092 and type 1851 in MBR2 and MBR3,
respectively.
The previous results conﬁrm the observations of Pretorius and
Laubscher in that they emphasise the importance of ﬁlamentous
bacteria in the formation of foam, and, in the case of MBRs, some
“non-famous” ﬁlamentous bacteria also were found to contribute
to the formation of foam. Furthermore, coupling the results re-
ported in Figs. 5 and 7 with the values of FR (Table 2), it seems
apparent that the quality (stability and persistence) of foam in
MBRs is characterized by the simultaneous presence of EPSBOUND
and speciﬁc ﬁlamentous micro-organisms.R² = 0.75R² = 0.84
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Fig. 7. Correlation between SI and n3.4. Statistical analysis and the modiﬁed Scum Index
In order to evaluate the contribution exerted by each element on
the MBR foam formation, a statistical analysis has been carried out.
It was performed by means of the multiple linear regression
method. Indeed, the analysis was aimed at identifying a model
which, starting from the knowledge of independent input variables,
could be able to predict the value of the output variables (depen-
dent). It is worth noting that all the considered variables are
quantitative ones.
The analysis was ﬁrstly carried out independently for each pilot
plant, since the available dataset was speciﬁc for each plant and itR² = 0.66
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Table 5
Step-wise regression analysis for EPSBound.
Output Input (main factor) R2adj
MBR1 FP EPSBound 71.01
SI0 EPSBound 79.79
MBR2 FP EPSBound 90.87
SI0 EPSBound 94.86
MBR3 FP EPSBound 92.69
SI0 EPSBound 89.04
G. Di Bella, M. Torregrossa / Journal of Environmental Management 128 (2013) 453e461460was not possible to state if the overall model could be characterized
by the same coefﬁcients.
In order to meet this aim, it was ﬁrstly attempted to identify the
mathematical model, for each plant as well as for each output
variable, by means of the “step-wise regression” procedure, able on
one hand to identify the parameters of interest in terms of output
prediction, while, on the other hand, able to exclude that ones
which give a negligible contribution.
After a ﬁrst application of such a procedure, it was possible to
identify the relationships shown in Table 4.
More in detail, the most signiﬁcant relationships have been
reported (P-value < 0.01), characterized by high values of the cor-
relation coefﬁcient R2 as shown in Table 5. The other relationships,
between NIN and FP for instance, showed a negligible correlation
(P-value > 0.9).
At this point, it was possible to draw the following
considerations:
1) referring to FP and SI0, the variables with high predictable ca-
pacity (evaluated on the basis of the rearranged R2 value) are
the EPSbound (the carbohydrate fraction for the SI0 in particular),
while, for SI1/2/3, when determined, the variable to take into
account is the normalized number of observed ﬁlamentous
(NIN).
2) to improve the prediction ability and to stabilize the model, the
analysis was repeated, taking into account the total EPSbound,
(Table 5) state that the extracellular polymers bound to acti-
vated sludge ﬂocs (both protein and carbohydrate) seem to be
one of the most important factors for the potential foam for-
mation (not foam stability).
The model resulted stable and with an increased predictive
ability compared to the previous one. The suggestion is to choose
the total EPSbound, rather than its speciﬁc components (protein or
carbohydrate).
At this point it was aimed to evaluate if the models could be
uniﬁed, not only in the structure, but in the coefﬁcient values too.
Actually, such situation was not possible, since the coefﬁcient R2adj
was always lower than 50% referred to the best inﬂuential
parameter (EPST). Therefore, the inﬂuence exerted by each original
group (MBR1, MBR2, MBR3) is still signiﬁcant, due to the speciﬁc
operational conditions and different plant conﬁgurations.
Finally, it is possible to conclude that the EPSs exert a decisive
role in foam formation as well as in its characteristics in MBR
plants.
However, it is important to highlight that, among the evaluated
indices, only the SI needs a more accurate investigation. Indeed, the
original Foam Power test is able to exactly determinate the effect of
EPST only: the procedure proposed by Nakajima and Mishima
(2005) is aimed at evaluating the “foaming power” on the basis
of the direct effect of foaming due to chemicals (the EPS, referring
to MBRs). On the contrary, referring to foam stability, besides theTable 4
Step-wise regression analysis.
Input Output (main factor) R2adj
MBR1 FP EPSC 71.01
SI0 EPSC 79.79
MBR2 FP EPSC 90.87
SI0 EPSC 94.86
SI1 NIN 81.99
SI2 NIN 86.61
SI3 NIN 84.75
MBR3 FP EPSP 92.69
SI0 EPSC 89.04
SI1 NIN 82.21microscopic analysis of the bacterial species which are identiﬁed as
foam stabilizing, the unique experimental ﬁeld test, useful for plant
management, is represented by the FR, which still remains a sub-
jective analysis and thus foam evaluation is carried out on the basis
of quality classes (from 0 to 7), without any quantitative charac-
terization. Therefore, the SI can be deﬁned as the most versatile
test, despite the original protocol proposed by Pretorius was aimed
at the quantiﬁcation of the biological foam produced by ﬁlamen-
tous foam-former bacteria.
In this context, it would be useful to propose a new index that
could allow to evaluate also the EPS effect, by simply determining
the foam separated step-by-step, due to the initial high EPS values
(ﬂotation and ﬁst puriﬁcation phases) and then taking into account
the exclusive effect of ﬁlamentous bacteria (after the complete
puriﬁcation action). The basic idea is to evaluate the foaming effect
due to EPS only (SI0) and the other one due to bacteria only (SIn), by
passing through the several intermediate steps, which deﬁne the
combined effect of EPS-ﬁlamentous bacteria (SI1, SI2,.).
In particular, the Modiﬁed Scum Index (MSI), which can easily
be measured, was proposed as a means of quantifying risk on the
basis of a new scum index protocol and interpretation. In particular,
the probable effect of scum formation can be predicted and
correlatedwith the concentration of ESPT in an aerobic plant and/or
the presence of foaming-forming, ﬁlamentous bacteria. More spe-
ciﬁcally, it is important to note that the effect of EPST was always
present, since they were linked to the ﬂocs, but the inﬂuence of the
puriﬁcation procedure decreased gradually. In this context, based
on our on-site observations (surface areas covered by foam and the
volume of the foam) and the characteristics of the foam (persis-
tence and stability of the foam), we proposed a new classiﬁcation of
SI, as a function of each step of the ﬂotation and puriﬁcation phases.
In particular, the organoleptic characteristics of the foam, i.e.,
colour, the sizes of the bubbles, the physical properties of the foam,
and the properties of solid content in the scum, also were consid-
ered in order to deﬁne a shared classiﬁcation.
The proposed MSI classiﬁcation is shown in Table 6.
It should be noted that, different from the original classiﬁcation
of SI, the term “disastrous” was changed to “excessive.” In fact,
because no classiﬁcation of settling tank management can be
established, the critical conditions of MBR plant management that
related to the development of foam were deﬁned in accordance
with the stresses of the system and, in particular, in the aeration
tank and the membrane module (e.g., poor mixing and control of
MLSS in the aerobic tank, overloading of the ﬁltration system, and
unpredictable fouling phenomena).
The simplicity of the proposed test is the fact that it requires
limited equipment, which means that it can be considered as a
good and favourable approach.
The MSI classiﬁcation proposed is a quick and simple scale
ranking system that was formulated speciﬁcally to quantify acti-
vated sludge foaming in MBRs. Obviously, other samples collected
from full-scale MBR plants must be evaluated and compared in
terms of the severity of foaming in order to standardize and use this
method by making appropriate adjustments to the limits of each
effect class.
Table 6
Classiﬁcation of Modiﬁed Scum Index.
Effect of Scum before puriﬁcation step Effect of Scum after puriﬁcation step
MSI0 [%] MSI1 [%] MSI2 [%] MSI3 [%]
Low 0e10 Low 0e10 Low 0e7.5 Low 0e5
Moderate 10e15 Moderate 10e15 Moderate 7.5e12.5 Moderate 5e10
Serious 15e25 Serious 15e20 Serious 12.5e17.5 Serious 10e15
Excessive >25 Excessive >20 Excessive >17.5 Excessive >15
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In this paper, we reported the results of the study of foaming in
MBR plants. The foaming that occurred in three different MBR
plants (working with different operational conditions and activated
sludge characteristics) was compared. In order to study the phe-
nomenon accurately, some foam tests that had been proposed in
the past for use with CASs were investigated. In particular, the
original procedure of the SI test was modiﬁed in order to consider
the inﬂuence of the concentration of EPS (in addition to the inﬂu-
ence of ﬁlamentous bacteria) on foaming in MBRs.
The results indicated that foaming in MBRs was inﬂuenced
signiﬁcantly by the concentration of bound EPS in the sludge,
mainly the carbohydrate fraction. Further, when the presence of
bound EPS was coupled with the presence and growth of foam-
forming, ﬁlamentous bacteria, the quantity and stability of the
scum increased. Conversely, if the foam-forming bacteria were
totally absent, the formation of foam depended exclusively on the
concentrations of EPSs in the mixed liquor, which conditions the
power of foaming but not its stability.
Finally, with regard to speciﬁc foam-stabilizing micro-organ-
isms effect, it is important underline that, in a mixed cultures, the
foam type differences cannot be completely explained and need
new studies on it. In fact, we do not know exactly the full analysis of
activated sludge mixed cultures with reference to foam producers
and their differences, for each kind of foam. New studies for that
unexplained subject are necessary in future works.References
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